Background. It is unknown how much age-related changes in muscle performance represent normal aging versus the effects of chronic disease and life style. We examined the correlates of four performance measures -gait speed, timed chair stands (TCS), grip strength, and maximal inspiratory pressure (MIP) -using baseline data from the Cardiovascular Health Study (CHS), a population-based study of risk factors for heart disease and stroke in persons > age 65.
W EAKNESS constitutes one of the principal determinants of physical frailty, contributing to reduced activity, falls, and loss of independence. Strength declines progressively after age 50 (1, 2) , resulting in a net loss of 30-40% of peak strength during the remainder of an average lifetime (2) . However, the decline of muscle performance may not be inexorable. Muscle mass, strength, and performance measures such as gait and balance have been shown to improve in weight-trained older individuals (3) (4) (5) . The etiology of the age-associated decline in various measures of muscular performance is poorly understood. Loss of strength has been attributed to decreased muscle mass (1, 6) , to selective atrophy of type II (fast-twitch) muscle fibers (2) , and to reduced numbers of functioning motor units (7) . It remains unclear how much these changes represent normal aging, the cumulative effects of chronic disease, and changes in life style.
The goal of this study was to examine the independent correlates of several performance-based measures of muscle function obtained during the baseline examination of subjects enrolled in the Cardiovascular Health Study: grip strength, gait speed, timed chair stands (TCS), and maximal inspiratory pressure (MIP). We sought to answer two principal questions:
1. How much do these measures change with age after age 64, and how much of the variability is explained by age alone? 2. To what extent is performance on these measures associated with prevalent disease, psychological factors and subjective health, body habitus and composition, functional status, and life style?
The four performance tests vary in their specificity as measures of muscle strength. Gait velocity correlates with lower-extremity strength in the elderly (3, 5, 8, 9) , and its slowing has been attributed to reduced stride length (10) . However, gait speed also may be affected by the interaction of conditions such as arthritis, foot abnormalities, low
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Downloaded from https://academic.oup.com/biomedgerontology/article-abstract/52A/4/M192/581532 by guest on 14 April 2019 vision, impaired balance, stooped posture, and heterogeneous neurological conditions. The time required for five chair stands depends on balance and endurance as well as quadriceps strength, and likely it is affected by pain or dysfunction in the hips and knees. In contrast to gait speed and chair stands, grip strength and MIP more specifically measure muscular contractile force. Grip strength reflects the strength of the forearm musculature. MIP primarily measures the strength of the diaphragm and is not affected by obstructive or interstitial lung disease except in states of severe hyperinflation (11) (12) (13) or the concomitant use of corticosteroids, which may lead to a myopathy (11) . We hypothesized that gait speed and timed chair stands would correlate more strongly with subjective health and reported functional status than either grip strength or MIP. Conversely, we hypothesized that grip strength and MIP would be relatively more influenced by anthropometric features and physical condition than gait speed or timed chair stands.
METHODS

Study Population
The data for this study were derived from baseline data collected as part of the Cardiovascular Health Study (CHS), a population-based, longitudinal study of risk factors for coronary artery disease and stroke in persons aged 65 and older. A total of 5,201 subjects were recruited between 1989 and 1990 from Medicare eligibility lists in four communities in the United States: Sacramento County, California; Washington County, Maryland; Forsyth County, North Carolina; and Allegheny County, Pennsylvania. To be eligible to participate, subjects could not be institutionalized, wheelchair-bound, or under treatment for cancer. For details of the study design, the reader is referred to Fried et al. (12) .
Baseline Data Collection
Participants in the CHS were interviewed in their homes, where they answered standardized questionnaires covering their medical history, psychosocial status, activities, and physical functioning. Information on the use of prescription medication was obtained directly from the labels of medication bottles. Within 2 weeks of the home interview, participants came to the field center for a 4-hour standardized examination that included the following tests of physical performance which comprise the outcome measures for this analysis:
1. Grip strength. Forearm muscle strength was measured by a hand-held Jamar A dynamometer, which recorded the force in kilograms of three maximal attempts with the subject's dominant and nondominant hands. 
Selection of Independent Variables
Independent variables for this analysis were selected or derived from variables assessed at the baseline examination of the CHS participants. Variables were initially chosen because of a scientific or logical basis for potentially correlating with one or more of the performance measures. In order to avoid spurious effects in our multivariate analyses, we separated variables that consisted of ratios (e.g., the anklearm index) into their respective components, which were treated as independent variables (13) . From this list of variables, 56 had a significant univariate association (p < .01) with at least one of the performance measures and were retained. These variables were then entered into a correlation matrix. One of each pair of variables having a correlation of > 0.5 was dropped as redundant, unless both variables in the pair were considered to be clinically relevant. In this manner, seven variables were eliminated. We subsumed the 49 remaining variables under nine conceptual categories: personal characteristics (age, race), anthropometric features (e.g., weight), physical condition (e.g., grip strength), reported functional status, subjective (self-reported) health, psychological factors (e.g., depression), symptoms, cognition, habits and lifestyle (e.g., smoking), and prevalent disease (see Appendix).
Analytic Procedures
All data were analyzed using the SPSS/PC+ statistical package (14) . To assess the independent relationship of the variables with the respective performance measures, we employed three iterations of forward stepwise linear regression stratified by gender. The first iteration included in the analysis only those subjects without missing variables. All 49 potential correlates were entered into the models without restriction, using a significance to enter of p = .01 and a significance to remove of p = .05. For the second iteration, the main effects of each model were entered first, then interaction terms for age and the main effects, followed by a quadratic age term (AGE 2 ) to detect a nonlinear contribution of age to the performance measures. The smaller number of variables entered into the second set of regressions resulted in fewer subjects with missing variables, thereby maximizing the sample sizes. Significantly associated variables from the second iteration were entered into a third and final iteration, with age terms forced in last in order to assess their independent contribution to the variability above and beyond the other variables. Residual analysis tested the assumption of normality for the dependent variable. In the case of the regression model for timed chair stands, attainment of a normal distribution of the standardized predicted values required logarithmic transformation of the dependent variable, "seconds." Gender differences in the age-associated rate of decline for each performance measure were assessed by combining significant covariates for either gender and entering them into a model for all 5,201 subjects. Gender was included with the covariates, and an age-gender interaction term was forced into each model at the end. A significant age-gender interaction suggested a differential rate of decline for men and women after adjustment for other covariates.
RESULTS
Demographic and baseline health characteristics of the 5,201 CHS participants performing or missing the four performance measures are presented in Table 1 . Persons missing the timed chair stands, grip strength, and timed walk (women) tended to be older. Subjects missing any test other than MIP tended to have slightly greater dependence in self-care. Few subjects missed the timed walk, and those doing so had similar prevalences of chronic illness and self-reported health to those performing the test. Those missing chair stands were more likely to have major chronic illness, poorer self-reported health, and cognitive impairment. Those missing the test of grip strength were older on average and had a greater burden of comorbidity, but were not more cognitively impaired. Although more subjects missed MIP than any of the other performance tests, the health characteristics and mean age of those missing the measure were statistically similar to those undergoing the test. All four physical performance measures declined slightly but significantly with increasing age (p < .0001).
The final regression models are presented in Table 2 with the independent correlates grouped according to the categories defined in the Appendix. Age was a significant independent correlate of each performance measure. Significant age-main effect interactions were found with ADL for gait speed (women), grip strength for the log of timed chair stands (women), and FEVi for MIP (women). The age interaction term indicates that the influence of the variable on the performance measure varied as a function of age. The quadratic age term (AGE 2 ) was significant for gait speed and MIP in men only, suggesting that after age 64, an acceleration of decline in these measures occurs with increasing age. For the remaining two measures in men, and all four measures in women, the relationship between age and the measure was linear. All correlates were significant at/? < .05. Note: Age terms were forced into the equations last to assess the independent contribution of age above and beyond the other covariates. ""Category under which the adjacent variables have been grouped. f/? 2 = the amount of variability explained by the individual variable.
tCATEG. R 2 = categorical R 2 , the amount of variability explained by the category of variables. §CUMUL. R 2 = the total variability explained by the model. fBETA (beta coefficient) = standardized regression coefficient.
Overall, the regression models explained between 17.7% and 25.4% of the observed variability, with age terms independently explaining between 0.6 and 5.7% of the variability. Subjective health plus psychological factors independently explained between 1.8 and 9.4% of the total variability for gait speed and the log of timed chair rises, but explained just 0.3-1.2% of the variability for MIP and grip strength. Although assessed and reported prevalent disease was associated with all four measures, it explained < 1.3% of the variability. The positive association of forced expiratory volume in one second with gait speed (women) and grip strength (women) in addition to MIP suggests that it reflected physical condition rather than pulmonary disease. Creatinine similarly was positively associated with grip strength in women, suggesting that it reflected muscle mass, not renal function. Figure 1 shows the means for each performance measure before and after adjustment for covariates. Age-gender interactions were significant for grip strength (p < .0001) and marginally significant for gait speed (p = .02). Based on the Beta values for age for these measures, the slope of decline for grip strength appears significantly greater in men after age 64, and may be steeper for gait speed in men, as well.
DISCUSSION
For the assessment of correlates of performance-based measures of muscle function, the CHS offers advantages over other population-based studies of older persons. The Established Populations for Epidemiologic Studies of the Elderly (EPESE) was designed to examine the prevalence and incidence of chronic conditions, impairments, and disabilities, as well as to determine risk factors for mortality and institutionalization. Although approximately 14,000 persons were enrolled, the number of chronic conditions assessed was limited and data were collected primarily by interview. Several direct measures of physical functioning were performed only at the time of the third household interview (15) . The objective of the third National Health and Nutrition Examination Survey (NHANES III) was to estimate the prevalence of chronic conditions and associated risk factors in a representative sample of the U.S. population, including 5,721 persons aged 50 and older. In Phase I, NHANES III assessed a broad array of health topics through self-report and direct measurements, and conducted a limited physical performance examination (16) . Compared to NHANES III, the scope of health-related variables in the CHS is likewise extensive, and the CHS offers greater detail in many of its measures, particularly with regard to the cardiovascular system.
Our analysis of data from the Cardiovascular Health Study confirms previous research showing an age-related decline in grip strength (1, 17) , gait velocity (18, 19) , and MIP (20, 21) . Not surprisingly, anthropometric variables emerged as significant correlates of all four measures: persons with more muscle mass are likely to be stronger. The combination of variables for anthropometric features and physical condition explained more of the variability for the tests specifically measuring contractile force (MIP and grip strength) than for those measuring complex muscle function and sensorimotor integration (gait speed and log timed* chair stands). Variables representing psychological factors and perceived health explained more of the variability for gait speed and log timed chair stands than for MIP and grip strength. Variables for reported functional status emerged as significant independent correlates of gait speed and log timed chair stands in women but not men, possibly reflecting the greater prevalence of functional impairment among women in the CHS cohort. The contribution of symptoms and subjective health to the models may reflect the failure of our collection of health-related variables to tap the pathophysiologic processes leading to reduced performance, with symptoms and subjective health serving as proxies for these unidentified variables.
The absolute cross-sectional decline in mean performance for the CHS cohort was small for all four measures. Although age remained a significant independent correlate of each performance measure, its unique contribution to the explained variability, after controlling for covariates, was minor, ranging from 0.6% for MIP in women to 5.7% for grip strength in men. By contrast, in the Baltimore Longitu-dinal Study of Aging (BLSA), Kallman et al. (1) found that age explained 38% of the total variability in summed grip strength (the sum of grip strength in both hands), while summed forearm circumference explained an additional 16%. The comparatively narrow age range of the CHS (spanning ages 65-100) compared to the BLSA (spanning ages 20-100) may account for some of this large difference in explained variability. The numerous variables reflecting personal and health-related characteristics that were entered into our stepwise regressions also may have reduced the contribution of age to the explained variability. The small independent contribution of age to all four performance measures supports the concept that the age-related decline in some domains of muscle function can be slowed if not reversed (3) (4) (5) (6) . However, because of the cross-sectional nature of this analysis, a cohort bias cannot be excluded, with physically fit older persons more likely to enroll in the study than frailer individuals.
Data on longitudinal changes in grip strength from two population-based studies of normative aging suggest that the rate of decline in muscle strength increases as a function of age (1, 17) . In our cross-sectional analysis, the quadratic age term was significant only in the models for gait speed and MIP in men, suggesting that the acceleration of decline after age 64 may vary according to gender and muscle group. Bassey and Harries (17) observed a greater decline in grip strength among women compared to men after four years of follow-up of 620 elderly subjects. However, our cross-sectional analysis across age groups suggests the opposite: men's grip strength declines more rapidly than women's, at least after age 64.
Lean body mass has been shown to account for much of the difference in strength between young and old individuals (22, 23) . In the CHS, lean body mass was measured indirectly through bioelectrical impedance (24) , but this variable was eliminated from the analyses because of its colinearity with weight. Creatinine, originally entered as a measure of renal function, correlated positively with grip strength in women, suggesting that it was reflecting muscle mass more than renal function. Depending on the performance measure, one or more of the anthropometric variablesweight, waist circumference, height, and serum creatinine -was positively correlated with superior performance, in keeping with being a proxy for muscle mass. Consistent with our hypothesis, anthropometric features explained more of the variability for grip strength (12.9-17.4%) than for either gait speed (1.4-2.8%) or the log of timed chair stands (3.7-3.9%). However, anthropometric features explained just 1.7% of the variability for MIP in women and none of the variability for MIP in men, suggesting that lean body mass may not be an important correlate of diaphragmatic strength. Muscular atrophy resulting from underuse also has been postulated as an important cause of age-associated weakness (1) . The significant independent association of kilocalories consumed per week, an indirect measure of physical activity, with gait speed and the log of timed chair stands in men supports this hypothesis.
Important strengths of this study include the measurement of physical performance in several domains, the multiplicity of health-related variables, and the large size of the study sample. As a community-based population study, the CHS protocol excluded only persons with cancer under treatment. Subjects missing at least one performance test tended to be older, more dependent in self-care, and to have a greater likelihood of cognitive impairment. Those missing grip strength and chair stands suffered from more comorbidities and reported poorer health compared to subjects performing the tests. In contrast, those missing gait speed and MIP were largely similar to subjects performing theise tests with respect to prevalent illness and subjective health.
Consequently, the results for gait speed and MIP may be more generalizable than those for chair stands and grip strength. Due to the cross-sectional nature of this study, the results must be interpreted cautiously until they can be confirmed with prospective data currently being collected by the CHS. It is possible that some of the differences in performance between age groups reflect a cohort or survival bias. For example, very old persons volunteering for the study may have been healthier than average individuals from their peer group, resulting in unrepresentatively good performances.
In conclusion, our analysis of cross-sectional data gathered during the baseline evaluation of participants in the Cardiovascular Health Study revealed an age-associated decline in physical performance among men and women in four different domains: gait speed, grip strength, maxinial inspiratory pressure, and timed chair stands. After controlling for health-related variables, age explained little of the variability in the measures, suggesting that other age-associated factors accounted for the changes in performance. Although variables reflecting prevalent illness -as assessed by the CHS -independently and significantly correlated with the performance measures, their contribution to the explained variability was minor. This finding was unexpected and may reflect the limited ability of an individual's report of chronic disease or even objective measures of disease severity to capture those disease-related factors that affect muscle performance. It also may reflect in part the lack of data in the CHS on musculoskeletal impairments or prior trauma which could have affected physical performance. Further research is needed to clarify the influence of chronic disease and its treatment. Our observations based on cross-sectional analysis also need to be confirmed by prospective data.
